Because plants do not possess a proper germline, deleterious mutations that occur in the soma 29 can be passed to gametes. It has generally been assumed that the large number of somatic cell 30 divisions separating zygote from gamete formation in long-lived plants should lead to many 31 mutations. However, a recent study showed that surprisingly few cell divisions separate 32 apical stem cells from axillary stem cells in annual plants, challenging this view. To test this 33 prediction, we generated and analysed the full genome sequence of two terminal branches of 34 a 234-year-old oak tree and found very few fixed somatic single-nucleotide variants (SNVs), 35 whose sequential appearance in the tree could reliably be traced back along nested sectors of 36 younger branches. Our data indicate that the stem cells of shoot meristems in trees are 37 robustly protected from accumulation of mutations, analogous to the germline in animals. 38 39 40 45 theory lead to a large number of DNA replication errors [3-5]. Tree architecture is determined 46 by the modular growth of apical meristems, which contain stem cells. These cells divide and 47 produce progenitor cells that undergo division, elongation and differentiation to form a 48 vegetative shoot, the branch. Axillary meristems are formed at the base of leaf axils and are 49 3
INTRODUCTION
Accumulation of deleterious mutations is a fundamental parameter in plant ageing and 42 evolution [1, 2] . Because the pedigree of cell division that generates somatic tissue is poorly 43 understood, the number of cell divisions that separate zygote from gamete formation is 44 difficult to estimate; this number is expected to be particularly large in trees and could in 4 be much lower than is commonly thought, and the majority of fixed mutations should be 75 found in relatively small sectors as nested sets of mutations. To test these predictions, we 76 sequenced the full genome of two terminal branches of an iconic old oak tree (Quercus 77 robur). 78 
79

RESULTS AND DISCUSSION
80 Napoleon Oak Genome Sequencing 81 We conducted our study on an oak tree known as the 'Napoleon Oak' by the academic 82 community of the University of Lausanne. The tree was 22 years old when, on May 12, 1800, 83 Napoleon Bonaparte and his troops crossed what is now the Lausanne University campus, on 84 their way to conquer Italy. It was standing next to the road, or may have been transplanted in 85 honour of the future emperor's passage, whence its campus nickname. At the time of sample 86 harvest for our study, the dividing apical meristems of this magnificent tree (Figure 1 , Figure 87 S1) had been exposed for 234 years to potential environmental mutagens, such as UV and 88 radioactive radiation. 89 To identify fixed somatic variants (i.e., those present in an entire sector of the 90 Napoleon Oak) and to reconstruct their origin and distribution among branches, we collected 91 26 leaf samples from different locations on the tree. We first sequenced the genome from 92 leaves sampled on terminal ramets of one lower and one upper branch of the tree. We then 93 used a combination of short-read Illumina and single-molecule real-time (SMRT, Pacific 94 Biosciences) sequencing to generate a de novo assembly of the oak genome. After removing 95 contigs <1000bp, we established a draft sequence of ca. 720 megabases (Mb) at a coverage of 96 ca. 70X, with 85,557 scaffolds and a N50 length of 17,014. Our sequence is thus in broad 97 agreement with the published estimated genome size of 740 Mbp [11] . The oak genome 98 encodes 49,444 predicted protein-coding loci (Table 1) . 99 Having confidently established 17 SNVs, we then assessed their occurrence throughout the 126 tree. We used Sanger sequencing to genotype the remaining 24 terminal branches sampled 127 from other parts of the tree and checked for the presence of each SNV. As might be expected, 128 the SNVs were found in different sectors of the tree in a nested hierarchy that clearly 129 indicates the accumulation of mutations along branches during development (Figure 1, Figure   130 S2). Specifically, SNV1 and SNV2 were located in a large sector of connected branches that 131 are distributed in the upper half of the tree (Figure 1 ). SNV3 was restricted to a portion of the 132 same sector, whereas SNV4 to SNV10 were found at the top of one of the two branches for 133 which the full genome had been sequenced. Similarly, SNV11 to SNV14 were restricted to 134 the terminal fork of a principle lower branch from which the other genome had been fully 135 sequenced, whereas SNV15 to SNV17 were present in only one sector arising from this fork 136 ( Figure 1, Figure S2 ). These results both provide independent confirmation of the originally 137 identified SNVs, and demonstrate their gradual, nested appearance and fixation in 138 developmentally connected branches during growth of the oak tree. Thus, while the exact 139 ontogeny of the Napoleon Oak may be difficult to reconstruct, our SNV analysis generated a 140 nested set of lineages supported by derived mutations, analogous to a phylogenetic tree.
142
Somatic Mutation Rate is Low in the Napoleon Oak
143
The spontaneous mutation rate in plants has been estimated to range from 5 x 10 -9 to 30 x 10 -9 144 substitutions/site/generation, based on mutations accumulated during divergence between 145 monocots and dicots [15] or divergence between independent lines of A. thaliana maintained 146 in the laboratory [16, 17] . A. thaliana is an annual plant that reaches approximately 30 cm in 147 height before producing seeds. In contrast, the physical distance traced along branches 148 between the terminal branches we sequenced for the Napoleon Oak is about 40 m (Figure 1). 7 Assuming similar cell sizes between oak and A. thaliana, there should have been about 133 150 (4,000 cm/ 30 cm) times more mitotic divisions separating the extremes of somatic lineages 151 in oaks than in A. thaliana. Under the assumption that the per-generation mutation rate is 152 correlated with the number of mitotic divisions from zygote to gametes of the next generation 153 [3, 8] , the mitotic mutation rate for the Napoleon Oak should be between 6.6 x 10 -7 and 4.0 x 154 10 -6 substitution/site/generation. With such a somatic mutation rate, there should be between 155 433 and 2,600 SNVs across the 650 Mb sequenced between branch ends of the tree, or 156 conservatively between 305 and 1,832 SNVs across the 458,143,725 nucleotides with a read 157 coverage ≥8 in both samples. These values are much higher that the 17 SNVs we actually 158 found. Even under the conservative assumption that we missed 17 other SNVs from the list 159 of potential variants and between 12.9 and 79 false negatives (see Experimental Procedures), 160 a higher-end estimate of the total number of oak SNVs ranges from 46.9 to 113. Both values 161 are still substantially (and significantly) lower than the expected values (305 to 1,832) 162 (Fisher's exact test, both P < 2.2E-16). Our finding seems to imply either much lower 163 generational or mitotic mutation rates than generally assumed, or a different model for the 164 accumulation of somatic mutations in trees, such as that proposed by [10] . Although the oak 165 lineages sampled have not been separated by any meiosis events, which in yeast was found to 166 elevate the generational mutation rate [19] , they have been exposed to the natural 167 environment, which in A. thaliana is known to significantly enhance mutation rate when 168 compared to a controlled lab environment [20] . 169 Most of SNVs identified in the Napoleon Oak were found only in single branches. 170 Early sequestration of axillary meristems has been found in A. thaliana and tomato, two show similar ontogeny. It thus seems reasonable to suppose that the growth pattern described 176 in A. thaliana and tomato is quite general in flowering plants and might also apply to long-177 lived trees. If so, it would be consistent with the low number of SNVs we have identified in 178 the oak. 179 We found that G:C!A:T transitions were the most frequent class of SNVs observed 180 in the oak (Figure 3 ). Ultraviolet (UV) light causes G:C!A:T transitions at dipyrimidine 181 sites in plants [22] . Among the 11 G:C!A:T transitions that we observed, seven were in a 182 dipyrimidine context (Table S1 ). In addition, spontaneous deamination of methylated 183 cytosine leads to thymine change at CpG or CpNG sites [22] . However, there were only three 184 G:C!A:T transitions in such a context (Table S1) (Table S2 ). 197 Sixteen of the 17 SNVs identified in the Napoleon Oak occurred in introns or non-198 coding sequences that are probably neutral. The remaining one (SNV1), which occurred in a 199 large sector of the tree, generates an arginine-to-glycine conversion in a putative E3-ubiquitin 200 ligase (Table S1 ). The functional impact of exchanging a positively charged arginine with a 201 non-charged and smaller glycine residue is unknown and deserves further analysis. 202 To our knowledge, only two examples of functional mosaicism have been reported in 203 trees, a low incidence that might be attributable to the low somatic mutation rate implied by 204 our analysis. Although most non-neutral mutations should be maladaptive, eucalyptus trees 205 have been observed with a few branches that are biochemically distinct from the rest of the 206 canopy and have become resistant to Christmas beetle defoliation [23, 24] . Functionally 207 relevant somatic mutations, such as SNV1 in our study, may thus occasionally contribute to 208 adaptive evolution if transferred to the fruits, but will more typically increase the genetic load 209 of a population, with implications for inbreeding depression and mating-system evolution. 
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Klekowski, E.J., and Godfrey, P.J. (1989) . Ageing and mutation in plants. . 461 We screened the paired-end libraries for potential non-oak sequences using metaphlan positives, and the decreasing number of false positives with regard to increasing confidence 507 score, respectively. We thus hypothesized that sites that are truly different between samples 508 0 and 66 were unlikely to be present at sites with a confidence score below 300. We selected 509 1,536 putative SNVs out of 314,865 for validation, on the basis of a confidence score ≥300 About half of the putative variable sites with confidence scores ≥200 were assessed 560 experimentally (1,536 out of 3,488 sites). Given the confidence scores of the tested sites, we 561 estimated that we missed fewer than six such sites not evaluated by PCR-seq. To evaluate the 562 number of true positives missed within candidates with confidence scores <200, we fitted a 563 mixture of two distributions modelled on the 1,832,554 sites that were predicted to be 564 heterozygous on both sequenced branches ( Figure S3 ). This suggested that we had missed 565 fewer than eleven true SNVs. We thus estimate a total of 17 missed SNVs. Note that we did 566 not assess the presence of larger somatic changes such as copy number variants, small indels, 567 and transposition events. Estimation of the Possible False Negatives. 570 We postulated that the false negative rate corresponds to the number of true SNVs that could 571 have been missed in the sites that were called homozygous in both samples due to random 572 sampling of both alleles. Assuming similar cell sizes between oak and Arabidopsis, there 573 should have been ca. 133 (4,000 cm/30 cm) more mitotic divisions separating the extremes of 574 somatic lineages in the analyzed oak, which were distant by 40 m, than in Arabidopsis, which 575 reaches approximately 30 cm in height. Under the assumption that the per-generation 576 mutation rate is correlated with the number of mitotic divisions from zygote to gametes of the 577 next generation, the mitotic mutation rate for the oak should be between 6.6 x 10 -7 and 4.0 x 578 10 -6 substitution/site/generation based on the estimated mutation rates in plants (5 x 10 -9 to 30 579 x 10 -9 substitutions/site/generation [15] [16] [17] Figure S5 ). This also does not support a recent whole genome 615 duplication in the oak lineage. 616 To address the possibility of a more ancient duplication event, we compared our oak 617 genome reference with itself using "BLAST all versus all" as suggested in Panchy et al.
[55], 618 23 (i.e., similarity ≥30%, match length ≥150AA and E-value ≤1e-5). Following this procedure 619 we have 49,444 proteins, of which 3,650 are duplicated (7.4%), 2,070 are triplicated (4.1%) 620 and 23.7% are present in more copies with diminishing frequency. In summary, a total of 621 17,474 oak proteins out of 49,444 appear to be duplicated (35%), which is less than that 622 reported for closely related species (e.g. Medicago sativa has about 50,000 genes of which 623 >75% are duplicated, according to Panchy et al. [55] ). We then assessed whether the 624 similarity identified above was local, properties of similar domains, or extended along the 625 entire protein, indicative of duplicated proteins. We found only 973 oak proteins that have 626 duplications extending over their entire lengths. In summary, it is possible that the oak 627 genome underwent duplication, as suggested by Panchy et al. [55] , but this event appears to 628 be rather old, as we have very few (<3%) duplicated genes with very high similarity (>90%) 629 and no second peak in the dS distribution ( Figure S5 ). It seems unlikely that such a 630 duplication event should compromise the identification of bona fide variants. Note that if the 631 duplication would have hindered the capacity to detect these variants, they would not be 632 found in nested sectors of the tree but rather in all 26 samples assessed.
634
Analysis of DNA Repair Genes
635
Orthologs between A. thaliana, Prunus persica (peach) and Q. robur were called using the 636 OMA database [56] . One-to-many orthologs, e.g., between A. thaliana and Q. robur, 637 represent duplication in the oak lineage since the divergence from A. thaliana; they are also 638 known as in-paralogs of oak. We classified these in-paralogs according to whether the 639 duplication was shared by P. persica and Q. robur (i.e., one copy in A. thaliana relative to 640 several copies in both the peach and oak genomes), or whether it was peach-or oak-specific 641 (i.e., one copy in A. thaliana and peach, relative to several copies in oak). The number of 642 duplicates was reported as the number of genes that could be called duplicate (i.e., the 643 image of the Napoleon Oak shows similar location of two SNVs (magenta dots) on the tree. Blue dots represent 4 genotypes that are non-mutant for these SNVs. Three non-mutant samples are not visible on this projection. 5
Location of other SNVs can be found in Fig. S1. (B 
Figure 3. Spectrum of Somatic Mutations Between Two Napoleon Oak Genomes
The type of substitution for 17 confirmed oak SNVs is shown.
